A partial phase diagram characterizing the conformational change that occurs in Thermomyces lanuginosus xylanase as it is slowly heated in 150 mM sodium phosphate (pH = 7.0) has been constructed from slow-scan-rate differential scanning calorimetry measurements. The Clausius-Clapeyron equation was applied to determine an associated volume change of −205 L•mol −1 at 24˚C, the equilibrium transition temperature at 1.0 atm pressure. This value is in excellent agreement with that predicted using a previously published [1] empirical equation for calculating the hydrodynamic radius if the transition is regarded as from a random coil to a functional, folded state and with the assumption that the hydrodynamic radius is a good approximation of the true random coil radius. The existence of a low-temperature random coil is confirmed by circular dichroism and dynamic light scattering measurements. Thus, at 24˚C and 1.0 atm pressure the enzyme appears to fold from a random coil to a functional, folded form as it is slowly heated.
Introduction
The purpose of this investigation is to determine whether application of the Clausius-Clapeyron equation to an enzyme system may be of value in characterizing volume changes associated with conformational changes. The Clausius-Clapeyron equation, which may be written in the form
is generally applicable to a phase change of a pure, single component. The equation describes the phase boundary
, experimentally determined from the pressure dependence of the observed phase change transition temperature T pc , in terms of the enthalpy ΔH pc and volume ΔV pc changes associated with the conformational change at a particular temperature T of interest. A phase change may be defined as a change in physical state of a substance when the chemical nature of the substance remains unaltered. Enzyme conformational changes may be considered phase changes if the few ionizable groups that may alter protonation states between conformations are ignored. We are unaware of an application of this type of the Clausius-Clapeyron equation. Our laboratory's current emphasis is in detecting and characterizing nondenaturational enzyme conformational changes. We have previously detected conformational changes that occur at moderate temperatures in several enzymes using slow-scan-rate differential scanning calorimetry (ssrDSC) [2] - [6] . For each enzyme studied we detected evidence for a non-unfolding change in the enzyme between the temperature where the enzyme crystal was formed for X-ray structure determination and the optimal physiological temperature of the organism from which the enzyme is isolated. The data further suggest that the low-temperature structure is more compact than the physiological-temperature structure. An obvious implication of these findings is the crystal structures for these enzymes cannot be the physiological structures as is generally assumed. As the enzymes studied were all from mesophilic organisms, we thought that it would be interesting to investigate a thermophilic enzyme to see if the same behavior is exhibited. Instead, we found evidence that at pH = 7.0 the thermophilic enzyme undergoes a transition from a random coil to a folded form as it is slowly heated with the transition occurring at 24˚C at 1.0 atm pressure.
For this study we chose the enzyme Thermomyces lanuginosus xylanase (TLX) [7] . The enzyme is isolated from a thermophilic fungus with an optimal thriving temperature of around 50˚C [8] and is commercially available. Xylanases are often used in the feed, food, pulp, and paper industries. TLX is most commonly used in chlorine-free bleaching paper mills and is ideal because of its stability and tolerance to extreme temperatures and pH values. The enzyme is monomeric, consists of 194 amino acid residues, and has a molecular weight of 21.312 kDaltons. An X-ray structure determined at room temperature from crystals grown at pH = 4.0 and 4˚C is available [9] .
Our approach is to first establish that TLX may undergo a low-temperature conformational change using ssrDSC. Having established this, we determine the pressure dependence of the transition temperature and construct a partial phase diagram describing the low-temperature to physiological-temperature conformational change. With a value of ΔH pc obtained from analysis of the ssrDSC data we then calculate a value of ΔV pc . This value is then reconciled with possible conformational states which are subsequently confirmed by circular dichroism and dynamic light scattering measurements.
Materials and Methods
Thermomyces lanuginosus xylanase (product number X2753) and the sodium phosphate buffer components were obtained from Sigma Aldrich. The components of the succinic acid buffer (product number A7710) were obtained from GFS Chemicals.
Differential scanning calorimetry measurements were performed on a Calorimetry Sciences Corporation Nano DSC III calorimeter. Initial enzyme solutions were prepared at 2.0 mg/mL in enzyme (with correction for mass of sample attributable to salt) and were prepared in either 150 mM sodium phosphate buffer (pH = 7.0) or 250 mM succinic acid buffer (pH = 4.0). Samples were dialyzed against a 1000-fold volume excess of buffer for at least 8 hours at 4˚C using Thermo Scientific Slida-A-Lyzer dialysis cassettes (MWCO = 3500). Any change in volume of the sample was noted and the sample concentration corrected accordingly. The concentrations of the solutions measured were 2.0 ± 0.1 mg/mL. DSC runs were performed at scan rates from 0.020 K•min −1 to 0.050 K•min −1 from 15˚C to 60˚C at total applied pressures of 1.0 to 5.0 atm. All runs were then baseline corrected from runs of dialysate versus dialysate at the same scan rate, pressure, and range of temperature as that of the enzyme solutions. Evidence of a conformational change is revealed in the appearance of an exothermic transition from 26˚C to 42˚C, the exact temperature being dependent upon scan rate. Apparent enthalpy changes associated with the transitions at 1.0 atm total applied pressure were calculated by standard integration techniques. This analysis also revealed the apparent transition temperature as the temperature where the difference between baseline and data was the greatest.
CD measurements. Circular dichroism measurements were performed on an Olis RSM 1000 Spectrophotometer. Enzyme solutions were 1.0 mg/mL in either 150 mM phosphate (pH 7.0) or 250 mM succinic acid (pH 4.0). Spectra were obtained in a 10.0 cm path-length cell. Spectra were deconvolved into theoretical major secondary structural component content using instrument software (namely, the CDSSTR, CONTINILL, and SELCON 3 algorithms). Samples were equilibrated overnight at either 14˚C or 34˚C.
DLS measurements. Dynamic light scattering measurements were performed on a Malvern Instruments Zetasizer μV instrument using polystyrol/polystyrene disposable cuvettes. Samples were 1.0 mg/mL prepared in the pH = 7.0 buffer, filtered with Whatman Anotop 10, 0.02 μm filters to removed dust particles, and equilibrated overnight at the temperature of interest, either 14˚C or 34˚C.
Results and Discussion
First, it is established that TLX may undergo a nondenaturational conformational change at low temperature. This is achieved by ssrDSC which employs scan rates as low as 0.010 K•min −1 [2] . DSC is an ideal choice since the technique measures relative changes in heat capacity between reference and sample and enzyme conformational changes are likely to be accompanied by heat capacity changes due to the concomitant net binding or release of water molecules. Such slow scan rates allow for detection of events that may be under kinetic control and therefore not observed at conventional scan rates of around 1 K•min −1 . Figure 1 shows a representative raw ssrDSC run at a scan rate of 0.030 K•min −1 of a 2.0 mg•mL −1 solution of TLX in 150 mM sodium phosphate buffer (pH = 7.0) and at 1.0 atm pressure. An exothermic transition at ~32˚C is observed. We have previously observed such transitions in other enzymes where we demonstrated, via the construction of protein stability curves, that this signal may be indicative of a global, nondenaturational conformational change [2] - [6] . When scans are made at the conventional scan rate of 1.0 K•min −1 no such signal is observed. The process observed in Figure 1 is reversible in the sense that a nearly identical scan is obtained after the sample is recovered and stored at 4˚C for three days. Figure 2 shows baseline-corrected, ssrDSC scans of TLX solutions at 1.0 atm total pressure. It is observed that the apparent temperature of the putative conformation change decreases with decreasing scan rate. Also, the transition enthalpy change becomes less negative with decreasing scan rate and even appears to become slightly positive at the scan rate of 0.025 K•min −1 . The true, or equilibrium, transition temperature at 1.0 atm total applied pressure is obtained from a plot of the . Run is not baseline corrected. apparent transition temperature vs. scan rate obtained from analysis of the runs in Figure 2 (Figure 3) . The trend is well modeled by a line. At 1.0 atm total applied pressure, TLX appears to undergo a conformational change at 24˚C.
Other ssrDSC measurements were also made at total applied pressures of 2.0, 3.0, 4.0, and 5.0 atm and the data similarly analyzed to give apparent transition temperatures. These temperatures again depended linearly upon scan rate and gave the equilibrium temperatures shown in Figure 4 .
With this data, a partial phase diagram is constructed ( Figure 5 ). This diagram gives the pressure dependence of the transition temperature between the presently uncharacterized low-to physiological-temperature conformational change. The shape of the curve is elliptical, characteristic of a transformation involving an unfolded state [10] [11] .
The . This value was calcu- The final piece of information required for the application of Equation (1) to determine the volume change associated with the transition is the value of ΔH pc at 1.0 atm. We compare two methods for its evaluation (Figure 6) . When the calculated apparent enthalpy changes are plotted as a function of scan rate the data are observed to be adequately modeled by a line. A rather uncertain equilibrium value of ΔH pc = 6.3 × 10 2 ± 2.1 × 10 2 kJ•mol −1 is obtained from extrapolation to zero scan rate. Alternatively, when the evaluated enthalpy changes are plotted as a function of the temperature at which they were determined the trend is again observed to be linear but with a better fit. Evaluation of the enthalpy change at the equilibrium temperature of 24˚C yields a value of ΔH pc = 601 ± 97 kJ•mol −1 . The good agreement between the two methods tends to validate the result. For the calculations, we will use the latter, apparently more precise, value.
Next we calculate a value of ΔV pc -the calculated change in volume upon transitioning from the low-temperature conformation to the physiological-temperature conformation-using Equation (1) . An X-ray structure determination of the enzyme was performed on crystals grown at pH = 4.0 [9] . The dimensions of a single molecule are reported as 40 × 38 × 35 Å and the enzyme is thus ellipsoid in shape with a molecular volume of 2.78 × 10 4 Å 3 or 18 L•mol −1 . We assume that although the crystals were formed at a very different pH from that employed here the folded volume is roughly the same. The Clausius-Clapeyron analysis strongly suggests the conformational species that exists below 24˚C is an open structure. Two possible general structures are the molten globule and the random coil.
Lorna J. Smith and coworkers have examined a number of proteins in both their native and nonnative states and derived empirical relationships for calculating hydrodynamic radii. Their work reveals for a highly unfolded structure the hydrodynamic radius R h is predicted to be 0.57
where N is the number of amino acid residues constituting the protein. With N = 194 for TLX, the hydrodynamic radius for the fully unfolded TLX is calculated to be 44.5 Å corresponding to a unfolded molar volume 222 L•mol −1
. The hydration radius of a protein is defined as the radius of a hard sphere that diffuses at the same rate as the measured molecule and should therefore be regarded as only an approximation of the true radius. However, it is reasonable to assume the random coil is largely spherical in shape and that the calculated hydration radius is a good approximation of the actual radius. To confirm the low-temperature form of TLX exists as a random coil, we investigate its circular dichroism. This technique is the spectroscopic method of choice for identifying the secondary structural content of the enzyme. Figure 7 shows the CD spectra of the protein at 14˚C and at 34˚C. These temperatures are 10˚C on either side of the transition temperature where it is assumed, due to the phase change nature of the transition, the enzyme is completely in one conformation or the other. Analysis was done of each scan using the SELCON 3 algorithm which resulted in the lowest standard deviation values. At 14˚C the protein apparently consists of ~85% unordered structure and 0% alpha helix, 5% beta sheet and 9% turns. Conversely, at 34˚C the enzymeis 40% alpha helix, 36% unordered, and 23% turns. These values strongly suggest that a conformational change occurs between these two temperatures and that the low-temperature conformation is a random coil. Figure 8 shows our determinations of the hydrodynamic radius as a function of temperature using dynamic light scattering. At 14˚C a broader peak is observed with an apparent hydrodynamic radius R h = 48.9 ± 5.3 Å. This value agrees with that obtained by Equation (3) which predicts that the TLX random coil to be 44.5 Å. At 34˚ a single peak at R h = 21.3 ± 0.9 Å is observed. Smith and coworkers also derived an empirical formula to give the hydration radius of the folded, functional protein as 0.57
where again N is the number of amino acid residues in the protein [1] . This formula predicts R h = 21.9 Å for native TLX. This value agrees well with the value we determined. Finally, we reconcile our findings with the reported crystal structure where a folded form was observed in the temperature range where we instead detect an apparent random coil structure [9] . The crystal structure was determined under conditions that are 1000× more acidic than the data presented here. We made ssrDSC measure- ments at pH = 4.0 but found no evidence for a predenaturational conformational change. Likewise, CD measurements at pH = 4.0 made in a similar fashion as those at pH = 7.0 showed no evidence for a major low-temperature-induced conformational change including no evidence for the existence of an unfolded structure (Figure 9 ). We therefore conclude that the reported structure has no direct bearing on the present studies and may not be physiologically relevant.
Conclusion
The data presented here make a strong case for the existence of TLX as a random coil below 24˚C in 150 mM sodium phosphate buffer (pH = 7.0). We are not aware of a previous report of a cold temperature-induced formation of a random coil structure from a native enzyme under normal, physiological conditions (no extremes of pH or pressure). Furthermore, the application of the Clausius-Clapeyron for the purposes of calculating volume changes appears valid.
